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I. INTRODUCTlON
One of the main problems faced in optoelectronic integration on silicon is the lack of an efficient silicon-based light source. This is because radiative band-to-band recombination in Si is not efficient due to the indirect band gap. An alternative way to achieve light emission is provided by optical doping. Trivalent rare-earth ions incorporated in solids can exhibit atomiclike optical transitions due to their incomplete 4j shell, shielded by filled 5s and 5p shells. ' Although parity forbidden in the free ion, these mtra-4.f transitions are allowed in solids because of mixing of opposite parity states due to the presence of local electric fields in the solid host. This typically results in long lifetimes for some excited states, depending on the energy separation between the states and the phonon spectrum of the host material. Also, the local electric fields cause Stark splitting of the rare-earth energy $vels. y rare-earth ion Er3T is of interest2*3 because of its 13/z+ 115,2 (first excited-rground state) transition around 1.54 pm, a wavelength within the telecommunications window of low loss silica-based optical fiber. Due to the absence of intermediate states between the 4I13/2 and 41,s,2 manifolds, the lifetime of the upper level can be in the order of milliseconds. Therefore, optical doping with Er is promising for devices such as optical amplifiers and lasers, where population inversion is a necessary requirement. The recombination energy of an electron-hole pair in Si is large enough to excite Era+ to its first excited state through energy transfer, in principle enabling electrical excitation of the rare-earth ions in Si.
Optical doping of single-crystal silicon with Er has been extensively studied. 4-9 It has been found that very little EI?' luminescence can be obtained in pure (float-zone grown, PZ) Si. Er-doped Czochralski-grown (Cz) Si shows enhanced EI?' luminescence, due to the presence of -1018 cmm3 oxygen.7*8 Extended x-ray-absorption fine-structure (EX-APS) measurements reveal a local 4-&fold coordination of 0 around Er in Cz Si." A similar coordination is also found for Er in SiO,.!* Also, the low-temperature (4.4 K) photoluminescence spectra of Ers+ in Cz Si and in SiO, are rather similar, implying similar local surroundings for Er in these materials.'2 The maximum concentration of Er that can be optically activated in Cz Si is -3X lOI7 Er/cm3.13 Codoping of Si with additional 0 has been shown to improve the Er luminescence at room temperature by orders of magnitude, due to its effect of both increasing the optically active fraction of Er ions and reducing the temperature quenching.14 Optically active Er concentrations as high as -10" cmm3 are needed for any useful applications."
In this work, Er optical doping of semi-insulating polycrystalline and amorphous Si (SIPOS) is studied. SIPOS is deposited by chemical vapor deposition and consists of an amorphous Si matrix with a high (2-50 at. %) amount of 0.16--18 Annealing at around 900 "C leads to the formation of crystal Si nanograms (-5 nm diameter) surrounded by thin silicon oxide shells. SIPOS exhibits semiconducting properties depending on the 0 concentration.'6 The use of amorphous Si in combination with a high 0 concentration may allow for high concentrations of optically active Er, while circumventing the segregation'9,20 and precipitation" problems found in rare-earth doping of crystal Si. Our previous work on Er-implanted SIPOS has shown room-temperature photoluminescence at 1.54 pm." Also, photoluminescence excitation spectroscopy showed that Er3' in SIPOS can be excited via photocarriers generated by the pump light. In the present paper, it found that the Er3+ luminescence in SIPOS arises from two distinct classes of Er3+. Only a very small temperature quenching of the luminescence is observed be-tween 77 K and room temperature. Excitation spectroscopy shows that -2% of the implanted Er is optically active. Internal quantum efficiencies for the excitation of E?'+ via photogenerated carriers are determined. The highest luminescence intensities are found for SIPOS with an amorphous microstructure containing high concentrations of both oxygen and hydrogen. The luminescence characteristics versus Er concentration and annealing temperature are also studied. In an accompanying pape? it is shown how roomtemperature electroluminescence at 1.54 pm can be obtained from Er-doped SIPOS.
Wavenumber (cm -')  7000  6500  6000  1  I  I  I   8   6 II. EXPERIMENT SIPOS layers with a nominal 0 content of 30 at. % were formed by low-pressure chemical vapor deposition of Sil& and NzO on to single-crystal (100) silicon substrates held at 620 "C. Following deposition, the films were implanted with 500 keV Er ions, with the samples held at room temperature. Er fhrences ranged from 5X1013 to 6X 1015 ions/cm'. Postimplantation thermal annealing was performed at 300-IO00 "C for 30 ruin in vacuum (-5X 10v7 mbar). A number of films was preannealed at 920 "C! for 30 min in 0, before implantation in order to achieve the nanocrystalline microstructure mentioned above. A reference sample of 0.45 (urn thick thermal SiOZ on Si was implanted with Er to a total fluence of 1.9X 10" ions/cm2 at several energies in order obtain a flat Er prolile. This sample was subsequently annealed at 900 "C to attain optimum luminescence. '" SIPOS layer thickness and composition were measured by Rutherford backscattering sp,ectrometry using 2 MeV 4He+ and a scattering angle of 135". The 0 concentration in the films was 31 at. %. Using an estimate of the density of SIPOS based on the volume fractions of Si and SiO,, the SIPOS layer thickness was found to be 320-350 nm. The Er implantation profile peaked at -150 nm with a full width at half maximum of -90 nm. Er concentrations ranged from 0.008 to 1.0 at. 46. Annealing above 800 "C caused the initially flat Si and 0 profiles to change near the surface, probably due to the formation of SiOZ. The Er profiles did not change upon annealing. Elastic recoil detection was performed in order to measure the H content of the films. Asimplanted initially unannealed SIPOS showed a H concentration of -23 at. % throughout the layer. In the preannealed films the H concentration was around 0.3 at. %. a liquid-nitrogen cryostat, in which the temperature could be varied between 77 K and room temperature. Measurements at 15 K were performed using a closed cycle He refrigerator.
III. RESULTS AND DISCUSSION
A. Site of Ep+ Photoluminescence (PL) spectroscopy was performed using a 48 cm single grating monochromator and a Iiquidnitrogen-cooled Ge detector. The 5 14.5 nm line of an Ar ion laser was used as the excitation source. Pump powers ranged from 6 to 1500 mW, resulting in intensities of 1.2-300 W/cm" on the sample. For excitation spectroscopy a tunable Ti-sapphire laser (920 nm<X<1030 rim) was employed at a power of 75 mW. The luminescence intensity was measured by mechanically chopping the excitation beam and monitoring the Ge detector signal using a lock-in amplifier. Luminescence decay measurements were performed by directly monitoring the Ge detector signal on an averaging digitizing oscilloscope system, after excitation with a pump pulse. The pulse length was varied between 50 ,d.s and 30 ms. Measurements were performed either at room temperature in air or in Figure 1 shows the luminescence spectra for Erimplanted SIPOS and the SiOz reference sample obtained at room temperature and at 15 K. The (initially unannealed) SIPOS sample was implanted with lXlO'5 Er/cm2, and subsequently annealed at 400 "C. Both room-temperature spectra peak at 1.536 pm, and are typical of 4Z13,2+4115~2 transitions in Er3'. Although the spectra are very similar at room temperature, those obtained at 15 K are markedly different: the spectrum for Er-implanted SiOZ consists of a number of well-defined lines, whereas that of Er-implanted SIPOS shows a broad peak with a long shoulder toward longer wavelengths.
The sharp spectral features exhibited by E?' in SiOZ are indicative of well-defined sites for the Es? ions. It may be that the covalent network of SiO, tetrahedra in the amorphous SiO, imposes structural constraints on the Er ions, resulting in a well-defined site for Er, as observed in EXAFS measurements. li For Er-implanted SIPOS, sharp spectral features are not observed, implying that the Er3+ ions may oc- cupy a range of sites. Indeed, SIPOS is an amorphous mixture with a large range of bonding configurations, due to its nonstochiometric composition. As the temperature is increased, both SiOz and SIPOS spectra show homogeneous broadening due to interactions with phonons.
The Er3' luminescence decay in SIPOS is shown in Fig.  2 . The measurement was performed at room temperature on the same sample as above. The pump source was 60 mW of 514.5 nm laser light, chopped at 25 Hz, resulting in a blockshaped pump pulse of 20 ms. The luminescence signal at the peak of the spectrum (X=1.536 w) was monitored. The decay may be fitted with two exponentials given by the equation
where Z,,(t) is the luminescence intensity as a function of tme, st and %,w the lifetimes of the fast and slow decaying components, and Cfast and Cslow the prefacfors of those decay components. A fit using Eq. (1) yields lifetimes of 164(2) and 806(4) ,us for rfst and T~~,,~, respectively, and a ratio CfastlGlow of 0.822(8). The decay curves deduced from the fit are shown in the figure. Note that fitting the data with three exponentials does not yield consistent results. Two explanations may be given for the double exponential decay. First, one may assume two different "classes" of EI? in SIPOS, each with its characteristic decay time. Alternatively, the decay rate of a single class of excited Er3+ ions may depend on the degree of excitation, when processes such as cooperative upconversior? or energy migration followed by quenching play a role. This would result in nonsingle exponential decay as well. In order to distinguish between these possibilities, the ratio CfastlCsl,,w between the luminescence intensities of the fast and slow decay channel was measured as a function of the pump pulse length. Figure 3 shows the ratio Cfast/Cslow obtained by measuring the PL decay for pump pulses of different lengths. The pump power was 60 mW. In all cases the decay could be fitted with two exponentials, with the same two lifetimes as found above for Fig. 2 . However, the ratio CfastlCslow did change with pulse length. The lifetimes rfafast and rslow are indicated by arrows. CfasJCslow is found to change from -1.1 at short pulse lengths to -0.80 after very long pump pulses. The change occurs exactly between the decay times of 170 and 800 pus.
The observation that Cfast/Cslow decreases as the pulse length is increased rules out processes such as cooperative upconversion or energy migration followed by quenching. The rates of these processes increase with the degree of excitation of the E?+ ions. This implies that for long pulses the fast decaying component would dominate, opposite to what is observed.
The observations of Fig. 3 may be understood by assuming two distinct classes of Et?, with characteristic lifetimes of Tr&= 170 ps and rsIow= 800 ,us, each class corresponding to a set of similar sites having a narrow distribution of decay times. CfasJCsbw is determined by the ratio between the population of excited E?" in the "fast class" and in the "SIOW class" at the moment that the pump pulse is switched off. After pumping with pulses much longer than the measured lifetimes, both populations have reached steady state, and cfa.dGow is independent of pulse length. For shorter pump pulses, on the order of rslow, the population of the slow decaying class has not reached steady state, and therefore CfastGow increases. For even shorter pulses, on the order of rfafast, the fast decaying class also will not reach steady state. In the limit of infinitely short pulses, Cfas~Cslow will again be independent of pulse length, but it will now have a higher value than in the case of, long pulses. The change in cfastGow measured in Fig. 3 is -1.4. This value can also be calculated by solving the time dependent rate equations for the pump process, which include the pump rates and lifetimes of each class. Agreement with the data is found for pump rates of -lo4 s-', a value consistent with the relatively high internal quantum efficiency measured in Sec. III c. B. Role of 0 Figure 4 shows the temperature dependence of the E2' luminescence in SIPOS (initially unannealed; 1X 1015 500 keV Er/cm", annealed at 400 'C; same sample as for Fig. 1 ). The luminescence peak intensity, plotted in an Arrhenius fashion in Fig. 4(a) , is found to decrease by a factor of 3 upon increasing the temperature from 77 to 300 K. Note that, although the spectral shape changes with temperature, the ratio between peak intensity and integrated intensity changes by less than 15% over the measured temperature fmge.
For comparison, the luminescence temperature dependence for Er-implanted Cz Si (9X lOI 250 keV Er/cm2) and E-implanted Cz Si (1.7X 1015 E&m"; concentration 1 X lOI cm-") coimplanted with 0 (concentration 1 X 102' cmm3) taken from Ref. 14 are shown. For these samples, the luminescence intensity at low temperatures is a factor of 4 lower than that of Er-implanted SIPOS even though the pump power was more than 3X higher. Furthermore, the luminescence of Er in Cz Si decreases by two orders of magnitude when the temperature is increased to room temperature. Coimplanting with 1 X102' O/cm3 results in a smaller decrease with increasing temperature. Figure 4(b) shows that the luminescence lifetimes Tfast and ~~~~~ of Er in SIPOS are constant. The ratio Cfast/CsloW is also constant (not shown).
. Figure 5 shows a schematic of a possible excitation mechanism for Er3+ in Si. An electron and a hole are trapped (T) at an Er-related defect. Subsequently, the carrier recombination energy is transferred to the Er3+, which becomes excited (E) to the 4Z13,2 manifold. This excitation process may be efficient as the carriers are localized at the site of the Er3+ ion. In this scheme, backtransfer (B) of the Er3+ excitation to the defect state and detrapping (D) of electrical carriers from the defect may also occur. The rates of these processes depend on the energy ,mismatch between the different states, and therefore on the phonon density of states and temperature of the host material. In general, trapping and energy transfer to Er3+ are not or only weakly temperature dependent, as they occur through emission of phonons. In contrast, detrapping and backtransfer involve absorption of phonons, and so are temperature dependent. The localized Auger-type excitation mechanism sketched in Fig. 5 has been proposed earlier for rare earths in III-IV semiconductors, e.g., Yb in InP26*27 and Er in G~ALAs.~' In fact, the presence of a backtransfer process has been identified for Yb in InP.29 An effective Hamiltonian for such excitation mechanisms has been derived for rare earths in semiconductors.30 In the scheme of Fig. 5 , the E? luminescence intensity depends on:
(1) The pump efficiency, determined by the rates at which the electrical carriers are trapped and detrapped at the localized state, and by the rate of energy transfer to the Er3+ ion. The minority-carrier lifetime of the material determines the effective carrier concentration.
(2) The luminescence efficiency, defined as the ratio between radiative and total (radiative plus nonradiative) decay rates of the excited Er3+ ion. Backtransfer to the localized defect state is such a nonradiative decay channel, and will decrease the luminescence efficiency. Also, nonradiative energy transfer to non-Er-related defects may occur. (3) The amount of optically active Er, defined as all Et? whose 4f shell will be excited, and subsequently emit light through radiative decay. Based on the above model, the data in Fig. 4 may be explained in a qualitative way. First, the PL intensities for Cz Si and SIPOS at 77 K will be compared. At this temperature the effect of backtransfer and detrapping is small, and the PL intensities are determined by the pump efficiency and Ers' active concentration. For SIPOS, a higher PL intensity is observed than for Cz Si (with and without extra 0), even though the electrical quality of (amorphous) SIPOS is much lower than that of Cz Si. The higher PL intensity from SI-POS is therefore attributed to a higher active Er" concentration and/or a higher excitation efficiency (T and E in Fig.  5 ). This will be discussed later on.
PIG. 7. Room-temperature photoluminescence excitation spectrum of Erimplanted SIPOS (i X lOI5 Er/cm*, same sample as for Pig. I) and of the Er-imolanted SiO+ reference samole (1.9X 10" Er/cme). The PL intensity at 1.536 pm is showa as a functionbf pump wavelength around 980 nm, for a constant pump power of 75 mW. The.inset shows a schematic of the transitions involved. Second, the difference in quenching behavior for SIPOS and Cz Si is discussed. .As the temperature is increased, three effects may take place: (1) the pump efficiency is reduced due to a decrease in carrier lifetime, (2) the Ersf excitation efficiency may decrease due to enhanced detrapping, and (3) the luminescence efficiency may decrease, due to enhanced backtransfer, resulting in a lower luminescence lifetime for the E?. Figure 4(b) shows that the luminescence lifetimes of the Er-implanted SIPOS sample are temperature independent, and therefore fhe luminescence efficiency is constant as a function of temperature. The small decrease in luminescence intensity with temperature for this sample is attributed to a small decrease in carrier lifetime or excitation efficiency (T, D, and E in Fig. 5 ). In contrast, it has been showni that for Er-implanted Cz Si both the luminescence intensity and lifetime decrease with increasing temperature, giving evidence for a backtransfer process. In fact, in the 0 codoped sample the PL quenching is fully determined by backtransfer.
tally. Both undoped and 0 codoped Cz Si have the same band gap, and indeed show similar backtransfer rates.14 In the case of SIPOS, the band gap is so large that backtransfer and/or deexcitation become improbable, as a large number of phonons would be necessary to bridge the energy mismatch between the band-gap, Er-related defect state, and the Ersf internal transition. As a consequence no quenching is observed.
Experiments have also been performed on Er-implanted preannealed SIPOS (annealed following implantation at 600 "C), containing the same amount of 0 but two orders of magnitude less H. In this case, temperature quenching of the luminescence lifetime and an accompanying decrease in PL intensity are observed (not shown), in contrast to the case for SIPOS that was initially unannealed (Fig. 4) . This is probably a result of-the presence of defects, such as unsaturated dangling bonds, acting as acceptors for the EI? excitation energy. Passivation of such defects using H would serve to reduce this nonradiative decay of the E?.
C. Excitation of E$'

E?' optically active fraction
The results for SIPOS and Cz Si follow the trend that Figure 7 shows the room-temperature photoluminestemperature quenching is reduced as the band gap of the host cence excitation spectra taken around 980 nm of Er-immaterial is increased.3192 Increasing the band gap results in a planted SIPOS (initially unannealed; 1X1O*5 500 keV larger energy mismatch between the states in Fig. 5 , and so E&m"; annealed at 400 "C, as in Fig. l) , and of the Si02 less backtransfer and/or deexcitation can take place. Comparreference sample. The pump wavelength was varied between ing the band gap of SIPOS (-2 eV)33 to that of Cz Si (1. I 920 and 1030 nm, and the luminescence at 1.536 ,um was eV) now explains why the temperature quenching is much monitored. The inset shows a schematic energy-level dialower in the SIPOS sample. Er3+ proceeds by absorption of a 980 nm pump photon, exciting the ion to the 4Z11,2 manifold. Subsequently, the ion decays to the tirst excited state (4Z13,2), and then to the ground (4Zluz) state, emitting a photon around 1.54 pm.
Varying the pump wavelength and monitoring the 1.536 pm luminescence reflects the structure of the 4Zlu2 absorption band. Such structures are observed ,for both the SiO, and SIPOS samples; however, in the case of SJPOS the spectrum rides on a background (indicated by the dashed line). By solving the rate equation governing the pump process, the measured optically excited luminescence intensity around 1.54 pm may be written as: N act IoPt, dT r+ lIR"P' ' ' with R"pt-
where Nact is the area1 density of optically active Er, 7 the luminescence lifetime, R Opt the pump rate for optical excitation, hv the pump photon energy, Zpump the pump intensity, r&s the absorption cross section for direct optical absorption of pump light by the E?, and Ce' the collection efficiency of the setup. Note that the absorption coefficient of the SI-POS itself is small in this wavelength range.'3 Note also that Eq. (2) assumes only radiative decay from E? in SlPOS, which is reasonable considering thk independence of the luminescence lifetimes on temperature (Fig. 4) . By comparing the measured luminescence intensities for SIPOS (Zg$,oJ and SiO, (Zg@, and using Eq. (2) for both materials, Nact can now be estimated for SIPOS. Integrating the intensity of optically excited luminescence measured in Fig. 7 yields Z&,s/Z;$,z=6.5X
lo-". The absorption cross section of E?' in the SiO,, reference sample was measured to be ir,bs=7x10-21 cm .
*' 34 The Er luminescence lifetimes for the SIPOS and SiO, samples are ~0.5 ms (weighted average of the fast and slow class) and 9.5 ms, respectively. The collection efficiencies were calculated by taking into account reflection and refraction at the interfaces of the samples. Assuming all of the Er in the SiOz reference sample is'optically active (jV?&= 1.9 X 10 l5 cms2), and equal absorption cross sections for Er3+ in SIPOS and SiO,, N$.os can then be calculated. This analysis yields NF&o,= (22 1) X 1013 E&m'; that is, (2f-l)% of the implanted Er is optically active, corresponding to an optically active peak concentration of -2X IO's cmm3. Note that this number is a lower limit due to the assumption that the decay of Er3' in SJPOS is purely radiative. In any case, this number is an order of magnitude higher than the maximum concentration that can be activated in Cz Si (3X1017 cmA3).13 This confirms the suggestion made in Sec. III B, that the higher PL intensity at 77 K of Er-implanted SIPOS compared to Cz Si is due to more optically active Er in SIPOS.
Quantum efficiency
One can now also compare photocarrier mediated (electrical) luminescence in SIPOS, Z$pos, to optically excited luminescence in Si02, I:&. Carrier mediated luminescence is only weakly dependent on pump wavelength in the range of Fig. 7 , and the background of the SIPOS spectrum is partly due to such luminescence. Note that this background intensity is low compared to the direct optical-absorption component, due to the low optical-absorption coefficient of SIPOS around 980 nm. To enhance this component, measurements were done using 514.5 nm pump light: our previous work22 has shown that at this wavelength Er in SIPOS is excited mainly through photogenerated carriers. The ratio Z ~~os/Z& at 514.5 nm (45 mW, 6.3 W/cm2) was found to be -7.6. The photocarrier mediated luminescence in SIPOS may be written as Z el %$os SPOS = rspos + 1/ Re ' "Eos ' where Re' is the pump rate for excitation of Er3' in SIPOS via photogenerated carriers. Z& is as ih Eq. (2). Assuming that the active fraction of Er that can be excited optically (iVFhos in Sec. III C 1) is the same as the fractiori tliat can be excited via photocarriers, the only remaining free parameter in the ratio Z~~os/Z$+ is Re', and can be determined: Re'-145 s-* (at 6.3 W/cm2 pump intensity).
The internal quantum efficiency (QE) for excitation of Er3' via photocarriers can be defined as the fraction of photogenerated carriers which transfer their energy to Er3'. As argued in Set; III C 1, it can be assumed that the Er3+ emission is purely radiative, giving
where Refl is the reflection coefficient, cz the opticalabsorption coefficient of SIPOS at 514.5 nm,33 and D the SIPOS layer thickness. Evaluating Eq. (4) yields the internal quantum efficiency for electrical excitation of E?+ in SIPOS at room temperature: QE-6X 10v4.
3. In version Figure 8 (open circles) shows the luminescence intensity as a function of the pump intensity. The measurement was performed at room temperature using the 5 14.5 nm line of an Ar laser as the pump source. The luminescence intensity is seen to increase sublinearly. At each pump intensity, decay traces were measured, as in Fig. 2 . From the fits of the decay cums, Cf,, ad Cslow were determined, the lifetimes 7fast and 7s1ow were found to be constant within the error for all pump intensities. Subsequently, the intensity data were separated into the contributions of each class of E?+ using the values for Cr,, and CsloW. These results are shown as the open triangles and solid squares in Fig. 8 . The slow class is observed to saturate at lower pump intensities than the fast class.
The observed saturation behavior can be explained in terms of excitation of all (optically active) E? ions into the first excited state, i.e., inversion of the population. In steady state the PL intensity of each class is with the pump rate Re' proportional to the pump intensity as in Eq. (4), assuming the concentration of electrical carriers is proportional to the pump intensity. This is a good assumption for SIPOS in which unimolecular recombination dominates. Fits using Eq. (5) result in the solid lines shown in Fig. 8 , and indicate that complete population inversion is nearly reached. The inversion sets in somewhat earlier in the case of the slow component, which is expected as its longer lifetime makes it easier to reach. 200 400 600 800 1000
Anneal Temperature ("C) Evaluating the ratio between the PL intensities of each class in saturation, and using the fact that in saturation IPL~N"ct/~@q. (5)], gives the optically active fluence in each class: N~~~~~0.6X10'3 Erkm", and N$&,-1.4X lOI E&m'. The corresponding internal quantum efficiencies per class are QE,,,,-4X10W4 and QE,,,-6X10-4, giving a total of QE= 1 X 10-3, in agreement with the quantum efficiency determined in the previous section. Although the fits are good at high pump intensities, they deviate substantially from the data at low intensities. This may be due to energy transfer between the two classes of E? '. FIG. 9 . Annealing behavior of the E?' luminescence of SIPOS implanted with 1x10" 500 keV E&m'. (a) Room-temperature luminescence peak intensities for initially unannealed and preannealed SJPOS. jb) Separated contributions of each class of E!? for initially unannealed SIPOS. All anneals were performed for 30 min in vacuum.
PL intensity for preannealed material shows a less steep increase, leading to a maximum luminescence signal after 600 "C annealing, one order of magnitude lower than for initially unannealed SIPOS. Annealing at higher temperatures also results in a decrease of the photoluminescence. A similar annealing behavior is observed for other Er fluences. Also, the eleckoluminescence intensity from Er-implanted SIPOS light emitting diodes3 exhibits similar anneal characteristics (not shown).
D. Annealing behavior
The data on SIPOS shown so far were for initially unannealed material, implanted with Er 'to a fluence of 1X 1015 cm-*, and subsequently annealed at 400 "C. Initially unannealed SIPOS has an amorphous microstructure'7'18 and contains large amounts of H (-20 at. %). Annealing at 920 "C for 30 min in 0, (here referred to as preanneal) results in phase separation of the material into a mixture of crystalline Si and SiOZ. Also, the H content is reduced by two orders of magnitude. Figure 9 shows luminescence data versus anneal temperature for both initially unannealed and preannealed SIPOS implanted with 1 X 10" Erkm'. Annealing was done for 30 min in vacuum. Note that the Er implantation itself has amorphized any material which was initially crystalline,
The PL intensity, shown in Fig. 9(a) , for initially unannealed SIPOS increases steeply up to its maximum at 400 "C, and then decreases again, sharply at first, up to 900 "C, where the luminescence is nearly undetectable. The
The strong initial increase in PL intensity can be explained by three effects: (1) annealing reduces the number of defects which lower the carrier lifetime and act as nonradiative decay centers for Er3' (2) annealing might change the excitation probability and knipescence efficiency, and (3) annealing can incorporate Er on optically active sites. Ellipsometry data (not shown) indicate that the absorption coefficient of SIPOS is altered only slightly upon annealing. The fact that the absolute PL intensity of initially unannealed SIPOS is more than 10X higher than -that of preannealed material is attributed to the difference in H content: the 920 "C preanneal reduces the H content by two orders of magnitude. It is well known that H passivates defects such as dangling bonds in amorphous Si, and can therefore increase the carrier lifetime in initially unannealed SIPOS, increasing the probability for carriers to excite Er3'. Defect passivation will also reduce nonradiative quenching of the EI? transition. The ititensity decrease above 400 "C for initially unannealed SIPOS may partly be due to out-diffusion of H, which is known to occur at this temperature.35 Also, above 600 "C crystallization of SIPOS occurs, causing phase separation in the material. This may lead to a less favorable surrounding, or even precipitation of Er, and therefore a reduction in PL intensity.
In a similar way as in Fig. 8 , the intensity data in Fig.  9 (a) were separated into the contributions of the two classes of Er"*. Figure 9 (b) shows these data for initially unannealed (H containing, amorphous) SIPOS. Luminescence from the slow decay class dominates for high anneal temperatures, while the fast class is dominant for low-temperature anneals. These observations can be explained in terms of microstructural changes in the material. Upon increasing the anneal temperature, the random mixture of Si and 0 phase-separates into a mixh& of Si and SiO,. As Er in pure Si does not luminesce at room temperature, the remaining luminescent Er must be in a more SiO,-like surrounding. At this stage one could postulate that the slow decaying Er3' class resides in an O-rich surrounding, as it dominates at higher anneal temperatures. Indeed, the luminescence lifetime in SiO, (0 rich)24 is much higher than in Cz Si (0 poor).14 Consequently, the fast decay class arises from a Si-rich environment.
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Optics) of the Ministry of Economic Affairs, and the FounFollowing the same reasoning as above this implies that Sidation for Technical Research (STW). Work at Catania rich E? environments increase relative to the O-rich ones University was partially supported by GNSM-CNR.
with increasing Er concentration. This implies that the maximum optically active Er concentration in SIPOS is Iimited by the 0 content.
IV. CONCLUSIONS
In conclusion, Er-implanted O-doped amorphous silicon exhibits room-temperature photoluminescence around 1.5 pm due to intra-4f transitions in Er3', excited via photogenerated electrical carriers. The luminescence arises from two distinct classes of E?, characterized by luminescence lifetimes of 170 and 800 pus. The slow decay class may be related to E?' in an O-rich environment, while the fast decay class is attributed to I?' in a Si-rich surrounding. The intensities of each class depend in a different way on annealing temperature and Er concentration. Annealing at the optimum temperature of 400 "C results in defect annihilation, and an increase of the optically active Er concentration. H plays an important role in the passivation of defects which decrease the carrier lifetime and act as nonradiative decay centers for the Er3+. Annealing above 400 "C causes H outdiffusion and crystallization of the material, resulting in less luminescence.
Despite its lower electrical quality, SIPOS exhibits stronger room-temperature Er photoluminescence than Cz Si. This is due to two effects: (1) there is no temperature quenching of the luminescence lifetime and (2) the optically active Er concentration is more than an order of magnitude higher. These effects are attributed to the high 0 and H content and amorphous nature of the material as well as the larger band gap. Er3' is thought to be excited via trapping of an electron and a hole at an Er-related defect, and subsequent energy transfer to the E? by recombination. Oxygen may form complexes with Er, which create such defect states in the band gap, thereby enabling efficient energy transfer to the Er3' ions. Also, 0 may increase the amount of optically active Er. For initially unannealed SIPOS implanted with 1 X1015 E&m" and then annealed at 400 "C!, -2% of the implanted Er is found to be optically active. The internal quantum efficiency is 10e3 at room temperature.
The main challenge now is to increase the optically active fraction of Er3+. If all the Er is activated, an internal quantum efficiency in the 10% range may be possible.
